Introduction
============

HIV-1 infection is characterized by the establishment of a persistent viral reservoir of latently infected cells. Combination ART (cART) suppresses HIV-1 replication and prevents disease progression but it cannot eliminate the latent reservoir, so infection remains chronic. However, early initiation of cART has been proposed as a way to restrict the seeding of the viral reservoir, as individuals who initiate cART during the acute/early phase of infection show a reduction of viral reservoir size compared with those who started cART in the chronic stage.[@dkaa139-B1]^,^[@dkaa139-B2] The smaller reservoir and the potentially preserved immune competence make early treated patients the preferred candidates to test novel clinical interventions aiming to achieve drug-free remission of HIV-1 infection.

The frequency of HIV-1-infected cells, measured as total HIV-1 DNA copies/10^6^ cells, rapidly increases with the course of infection and exponentially decreases upon cART initiation as the predominant, short-lived, productively infected cells rapidly disappear and new infections are blocked.[@dkaa139-B3]^,^[@dkaa139-B4] Afterwards, the persistence of a population of long-lived latently infected cells is evidenced by an HIV-1 DNA plateau.[@dkaa139-B5] The size of the reservoir at this set point differs between individuals but remains fairly constant over time. Previous studies have shown that the HIV-1 reservoir in chronically treated individuals experiences a sustained but slow decline on long-term cART, with a median half-life of 12 years.[@dkaa139-B6] Once this phase has been reached, the decay of HIV-1 DNA is not significant if measured within short time periods, as assessed in most clinical trials.

Of note, the evaluation of changes in total HIV-1 DNA levels is the most widely used endpoint in clinical trials aiming to impact the viral reservoir, based on the robustness of this measurement and its strong correlation with time to viral rebound after cART interruption.[@dkaa139-B7]^,^[@dkaa139-B8] However, the size and the stability of the HIV-1 reservoir are rarely inclusion/exclusion criteria for clinical trials. Therefore, patients enrolled during the first years after cART initiation might still be undergoing the initial cART-mediated HIV-1 DNA decay. This fact may become a confounding factor, leading to misinterpretation of the results if trials are not sufficiently powered, even if controlled with a placebo arm. One option to increase the chances of differentiating an effect of the intervention might be to recruit individuals only once they have all reached a stable set point in the size of their viral reservoir. This may also be desirable in clinical trials that include a treatment-interruption phase, as viral control after treatment interruption is more likely if the viral reservoir is smaller.[@dkaa139-B9] Although different studies describe the decay kinetics of HIV-1 DNA following early treatment initiation,[@dkaa139-B1]^,^[@dkaa139-B2]^,^[@dkaa139-B4]^,^[@dkaa139-B10]^,^[@dkaa139-B11] none has specifically evaluated the time on cART needed to reach the stabilization of the reservoir in early treated individuals and no assumption can be inferred from previous data, given the varying results. To solve this gap in knowledge, we have performed a longitudinal study of the HIV-1 DNA decay after early cART initiation and used statistical modelling to specifically determine the timespan required to reach reservoir stability.

Materials and methods
=====================

Ethics
------

All patients provided written informed consent before enrolment into the cohort. The study was approved by the institutional ethics review board of Germans Trias i Pujol University Hospital (Early_cART Cohort, PI-14-072), in accordance with the Declaration of Helsinki and national standards.

Study design and participants
-----------------------------

We included 21 individuals from a longitudinal, prospective cohort of patients with confirmed recent HIV-1 infection who started cART within 6 months of estimated HIV-1 acquisition. This cohort was established in the Germans Trias i Pujol University Hospital (Badalona, Spain) and recruitment began in 2013. By December 2017, we had selected all the individuals from this cohort that fulfilled our inclusion criteria. All sample processing and analysis took place during 2018.

Criteria for documented acute/early infection include plasma HIV-1 RNA with antibody (enzyme immunoassay) negativity, Gag p24 antigen assay positivity, an indeterminate western immunoblot signal or the absence of a p31 band in a positive western blot. Days since estimated HIV-1 acquisition and Fiebig staging at treatment initiation are defined according to the time since known exposure, acute antiretroviral syndrome and/or results of clinical laboratory tests at the time of HIV-1 diagnosis.[@dkaa139-B12] For cases in which exposure or acute retroviral syndrome were unclear or absent, the estimated date of infection of subjects with an HIV-1 positive antibody test following an earlier negative antibody test was calculated as the middle timepoint between these two tests. Viral load determinations were carried out before treatment initiation and after treatment initiation, at Weeks 4, 12, 24, 36 and 48 (during the first year) and every 6 months thereafter. The inclusion criteria for selecting the 21 individuals for the current study were: (i) being effectively suppressed (HIV-1 RNA \<50 copies/mL, allowing non-consecutive blips \<200 copies/mL) for ≥4 years; (ii) lacking documented periods of non-adherence to cART; (iii) receiving no immunotherapies; and (iv) having stored samples available at 0, 0.5, 1, 2, 3 and 4 years after cART initiation.

Quantification of HIV-1 DNA
---------------------------

CD4+ T cells were purified from cryopreserved PBMCs using the 'CD4+ T Cell Isolation Kit, human' (Miltenyi Biotec). Lysed extracts were used for HIV-1 DNA quantification by droplet digital PCR (ddPCR, Bio-Rad), as previously described.[@dkaa139-B13] Briefly, primer/probe sets annealing at the 5′ LTR, Gag or integrase conserved regions of the HIV-1 genome were used, depending on the individual, to circumvent underestimation due to viral sequence variability, and the RPP30 cellular gene measurement was used for data normalization. All quantifications were performed in duplicate and the average limit of detection of HIV-1 DNA was 3 copies/10^6^ CD4+ T cells.

Statistical analysis and data modelling
---------------------------------------

Association between HIV-1 DNA values and other clinical and virological variables was assessed by Spearman's rank correlation coefficient using the GraphPad Prism v5 software.

HIV-1 DNA dynamics were modelled by fitting a previously described asymptotic one-exponential decay model based on: (i) the limited sample size, which did not allow for the use of more complex models; and (ii) previously reported observational data showing HIV-1 DNA stabilization beyond 4 years after ART initiation.[@dkaa139-B5]^,^[@dkaa139-B14] The equation of the model is as follows: $$\mathit{vDNA} = \mathit{Asym} + \left( {R_{0} - \mathit{Asym}} \right) \times e^{- rt}$$ where *vDNA* stands for the natural logarithm of total HIV-1 DNA; *Asym* stands for HIV-1 DNA level at the set point; *R*~0~ stands for HIV-1 DNA level at *t *=* *0 years; *r* stands for the decay rate; and *t* stands for the time since cART initiation. To infer the timepoint from which no further HIV-1 DNA decay would be detected in eventual clinical trials, we determined when the difference between the estimated model and the reservoir set point would become non-significant. To establish this threshold, we used the equation: $$\mathit{Threshold} = \mathit{Asym} + d \times \sigma$$ where *d* is the value of the effect size boundary estimated by power analysis for a Student's *t*-test and σ is the population standard deviation of HIV-1 DNA when the set point has been reached (σ = 0.55, as estimated from our data). Effect size boundary was estimated as the value below which the probability to reject the false null hypothesis of equal means (difference is assumed) was less than 0.2 considering a sample size of *n *=* *50 and a one-sided *t*-test. The timepoint (*x*) at which the global dynamics model crossed the threshold is then given by the equation: $$x = \frac{1}{\, r} \times \ln\left( \frac{R_{0} - \mathit{Asym}}{d \times \sigma} \right)$$

For data analysis and visualization, we used R v3.4 and GraphPad Prism v7.

Results and discussion
======================

In the present study, we aimed to model the HIV-1 DNA dynamics in early treated patients, to infer the timepoint from which further significant decay of the viral reservoir is no longer detectable. This parameter is critical for the design of clinical trials evaluating new therapeutic strategies aiming to impact the HIV-1 reservoir size. It may provide guidance for the interpretation of such studies and maximize the effect of viral control after cART interruption.

For that purpose, we characterized the evolution of total HIV-1 DNA levels in 21 early treated patients, from a cohort of 214 subjects who initiated cART during confirmed acute/early HIV infection (Figure [1](#dkaa139-F1){ref-type="fig"}). Demographics and clinical parameters of this subgroup were not significantly different from those of the rest of members of the Early_cART cohort (Table [1](#dkaa139-T1){ref-type="table"}). All 21 participants had started cART within a median of 65 days (IQR = 47--75) since estimated HIV-1 acquisition. One participant started cART at Fiebig stage I, 18 at Fiebig stage V and 2 at Fiebig stage VI. All individuals were MSM, with a median age of 32 years (IQR = 27--36) at diagnosis and a median plasma viral load of 5.2 HIV-1 RNA log~10~ copies/mL (IQR = 4.2--5.7) at cART initiation. A majority (86%, 18 out of 21) of first-line cART regimens were based on integrase inhibitors (raltegravir in all cases). All patients were effectively suppressed during the follow-up. Longitudinal measurement of proviral HIV-1 DNA was performed in CD4+ T cells isolated from cryopreserved PBMCs at 0, 0.5, 1, 2, 3 and 4 years after cART initiation.

![Disposition of patients in the Early_cART cohort and subjects included in the present study.](dkaa139f1){#dkaa139-F1}

###### 

Demographic and baseline characteristics of the patients included in the study (reservoir group, *n *=* *21) and the whole Early_cART cohort (total cohort, *n *=* *214), prior to cART initiation

                                                                              Reservoir group (*n *=* *21)   Total cohort (*n *=* *214)
  --------------------------------------------------------------------------- ------------------------------ ----------------------------
  Age (years), median (IQR)                                                   32 (27--36)                    33 (27--39)
  Gender; male, *n* (%)                                                       21 (100)                       212 (99)
  Group risk; MSM, *n* (%)                                                    21 (100)                       203 (95)
  Pre-cART log~10~ HIV-1 RNA (copies/mL), median (IQR)                        5.2 (4.2--5.7)                 5.0 (4.4--5.7)
  Pre-cART CD4+ T cell count (cells/mm^3^), median (IQR)                      418 (304--500)                 466 (331--607)
  Pre-cART CD4+/CD8+ ratio, median (IQR)                                      0.48 (0.29--0.75)              0.53 (0.38--0.85)
  Time from HIV acquisition to cART (days), median (IQR)                      65 (47--75)                    67 (40--92)
  Time from cART initiation to first VL \<50 copies/mL (days), median (IQR)   91 (32--131)                   69 (28--126)
  Fiebig stage at cART initiation, *n* (%)                                                                   
   I--IV                                                                      1 (4.8)                        27 (12.6)
   V                                                                          18 (85.7)                      114 (53.3)
   VI                                                                         2 (9.5)                        73 (34.1)
  First-line cART regimen, *n* (%)                                                                           
   three drugs, INSTI based                                                   18 (85.7)                      200 (93.4)
   three drugs, PI based                                                      2 (9.5)                        10 (4.7)
   others                                                                     1 (4.8)                        4 (1.9)

VL, viral load; INSTI, integrase strand transfer inhibitor.

The absence of significant differences between the reservoir group and the rest of individuals belonging to the Early_cART cohort (*n *=* *193) was assessed by performing Fisher's test for 'gender' and 'group risk', χ^2^ test for 'Fiebig stage at cART initiation' and 'first line cART regimen' and a Mann--Whitney *U* test for the rest of parameters.

Before initiating cART, total HIV-1 DNA in peripheral blood, which reflected the number of infected cells during the period of untreated viral replication, showed a median level of 3263 copies/10^6^ CD4+ T cells (IQR = 1499--11 072) (Figure [2](#dkaa139-F2){ref-type="fig"}a). At the end of the study, after 4 years of suppressive cART, the remaining proviral DNA showed a massively reduced median level of 172 HIV-1 DNA copies/10^6^ CD4+ T cells (IQR = 47--366, *P *\<* *0.0001) (Figure [2](#dkaa139-F2){ref-type="fig"}a). In most patients, viral DNA levels had undergone a 10- to 100-fold overall decrease (median = 1.43 log~10~ units; IQR = 1.17--1.69).

![HIV-1 DNA in peripheral CD4+ T cells from early treated patients during cART and correlation with other viral and clinical parameters. (a) Change in HIV-1 DNA (median and IQR) in peripheral CD4+ T cells before cART initiation and after 4 years of cART. Wilcoxon test *P* value is shown. Each coloured dot represents an individual patient (*n *=* *21). (b) Heat map showing the association between different clinical parameters before cART initiation (baseline) and at Year 4 (final). In the left-hand side of the matrix, the Spearman's rank correlation coefficient (rho) is shown inside the boxes and represented as a colour code. The *P* value for significant correlations is also shown inside the boxes (\*\*\**P *\<* *0.001, \*\**P *\<* *0.01, \**P *\<* *0.05). In the right-hand side of the matrix, correlations are shown in diagrams with points representing single patients and red lines representing the trend. Axes are located on the sides of the matrix. HIV-1 DNA and RNA levels are represented as log~10~ copies/10^6^ CD4+ T cells or copies/mL of blood, respectively. CD4+ T cell count is represented as cells/mm^3^. Time to cART start from HIV-1 estimated date of acquisition is represented as days.](dkaa139f2){#dkaa139-F2}

We also evaluated the association between the HIV-1 reservoir size and different clinical and virological parameters (Figure [2](#dkaa139-F2){ref-type="fig"}b). As expected, baseline levels for total HIV-1 DNA and viral load, prior to cART initiation, significantly and positively correlated with each other (*P *\<* *0.001) and with HIV-1 DNA levels at the end of the study (*P *\<* *0.001 and *P *=* *0.012, respectively). Also, absolute CD4+ T cell count and CD4+/CD8+ ratio at baseline were inversely correlated with final HIV-1 DNA measurements (*P *=* *0.031 and *P *=* *0.0046, respectively). However, we found no correlation between final HIV-1 DNA levels and the timespan between estimated HIV-1 infection and cART initiation (*P *=* *0.561), probably due to low inter-individual variability (IQR = 47--75 days) of this parameter in the study group.

As expected, individual dynamics of all patients showed a quick decrease in viral DNA levels during the first months of cART (Figure [3](#dkaa139-F3){ref-type="fig"}). This sharp drop was later restrained and finally HIV-1 DNA levels were relatively stabilized. The different rates of decay corresponded to the initial rapid loss of the major compartment of short-lived productively infected CD4+ T cells and the subsequent slower clearance of latently infected CD4+ T cell subpopulations with longer half-lives.[@dkaa139-B15] Similar results were recorded in former studies, both in early treated and chronically treated patients, although the size of the long-lived reservoir was found to be smaller in early treated patients.[@dkaa139-B1]^,^[@dkaa139-B16] The early initiation of cART, when HIV-1 DNA levels were still relatively low, probably explains the HIV-1 DNA levels on ART also being lower. The detection of a very strong correlation between HIV-1 DNA levels at cART initiation and subsequent measurements in our study would be in line with this notion.

![Statistical model for HIV-1 DNA dynamics during cART in early treated patients. Global exponential decay kinetics, adjusted with a linear mixed-effects model, are represented by the red line, flanked by 95% CI (red dashed lines) and shown superimposed over the individual dynamics in grey. Significant difference from the final HIV-1 DNA level determined by the model is represented by the threshold (80%; green line). The intersection point of the model and the threshold is indicated by the blue dot and line.](dkaa139f3){#dkaa139-F3}

Our main objective was to determine how much time is needed, upon early cART initiation, to reach these stable HIV-1 DNA levels. To answer this question, we first adjusted our data from the 21 individual dynamics to the global model that best described their behaviour using a statistical mixed-effects model (Figure [3](#dkaa139-F3){ref-type="fig"}). In the resulting dynamics, HIV-1 DNA exponentially decayed towards the reservoir set point. The defined model was used to provide an *in silico* estimation of the timepoint from which no further significant HIV-1 DNA decay would be detected in eventual clinical trials. Thus, we based our study on statistical power estimations considering a conservative scenario with a hypothetical sample size of *n *=* *50 and a one-sided test. According to our estimation, 2 years of early cART would ensure that the stable reservoir set point has been achieved.

Previous reports showed discrepancies in the decay kinetics of the HIV-1 reservoir in early treated individuals,[@dkaa139-B1]^,^[@dkaa139-B2]^,^[@dkaa139-B4]^,^[@dkaa139-B10]^,^[@dkaa139-B11] probably due to differences in the study design and analytical approaches. For this reason, our longitudinal study was specifically designed to enable a statistical estimation of the time needed on cART to achieve stable HIV-1 DNA levels. Our results indicate that in early treated individuals the viral reservoir reaches a set point 2 years after cART initiation. Results from previous studies suggested a slower stabilization of the HIV-1 DNA set point after ART initiation in acute and/or early treated individuals, in the range of 3--7 years;[@dkaa139-B4]^,^[@dkaa139-B11] however, total HIV-1 DNA measurement methodology and timepoints included in the analysis, as well as design of data analysis, differed from the present one and none included statistical modelling of longitudinal data. Additionally, population size and characteristics, including diversity of HIV subtypes, may influence such differences.

Our study also has some potential limitations. Firstly, we analysed a relatively small number of individuals (*n *=* *21), although they were representative of the total cohort (Table [1](#dkaa139-T1){ref-type="table"}). Secondly, most participants were receiving integrase inhibitor-based regimens, while the cART regimen may differ in other clinical settings. However, we do not anticipate differential effects on the long-term decay dynamics of the viral reservoir due to the use of different antiretroviral combinations, provided they are fully suppressive cART regimens.[@dkaa139-B6]^,^[@dkaa139-B17]^,^[@dkaa139-B18] Also, timing of cART initiation is a crucial variable defining HIV-1 DNA decay dynamics. As the vast majority of our participants started cART at Fiebig stage V (Table [1](#dkaa139-T1){ref-type="table"}), this might raise the question of whether a similar result would be obtained with a different set of individuals including patients treated since earlier phases. In fact, previous studies show a significantly sharper initial decay of total HIV-1 DNA among acute-treated individuals starting cART within the first month after infection---comprising Fiebig stages I to IV---when compared with those early treated patients starting cART later.[@dkaa139-B16] Interestingly, the difference in slopes between the groups becomes non-significant after 8 months of treatment. This suggests that the time at which HIV-1 DNA levels reach the set point would be similar in all early treated patients, regardless of their Fiebig staging. Even in the case of chronically treated individuals, the time needed to achieve HIV-1 DNA stabilization might be similar; despite a plateau being observed after 4 years of cART, no further analysis had been performed in timepoints between Years 1 and 4 to investigate the exact point of stabilization.[@dkaa139-B5] Future studies directly addressing the comparison of time to reservoir stabilization between early and chronically treated individuals would be of interest.

In this study the longitudinal dynamics of total HIV-1 DNA levels have been investigated, but not other valuable measures of HIV-1 persistence such as cell-associated HIV-1 RNA, intact proviruses or replication-competent reservoir.[@dkaa139-B19]^,^[@dkaa139-B20] Despite the real added value of these alternative approaches, as proviral DNA overestimates the true size of the reservoir due to the high proportion of defective proviruses, this was the only measurement that allowed us to compare viral dynamics in early treated individuals with other patient cohorts described in previous studies. Forthcoming studies comparing data from total HIV-1 DNA measurements, quantitative viral outgrowth assay (QVOA) and the recently developed intact proviral DNA assay (IPDA) might provide key information on the stability of the true viral reservoir in early versus chronically treated individuals.[@dkaa139-B21]^,^[@dkaa139-B22]

In conclusion, early cART clinical trials aiming to mobilize the viral reservoir, especially those including a treatment-interruption phase, might benefit from taking into consideration that 2 years on suppressive cART are needed to stabilize the reservoir. After this time, the impact of therapeutic interventions on the viral reservoir can be more precisely measured. In addition, since viral reservoir size has been related to the likelihood of viral rebound once treatment is stopped, introducing a waiting period of 2 years to allow the reservoir to reach lower levels will also enhance the chance that viral control is achieved after treatment interruption.

Preliminary results from the present work were presented at the 'XVII Jornada de Virologia' (Virology Day) organized by the Societat Catalana de Biologia (Catalan Society of Biology), 30 October 2018, Barcelona, Spain (Abstract \#P8). They were also presented at the 'X Congreso Nacional GeSIDA' (National Congress of HIV/AIDS Research Group) organized by GeSIDA and SEIMC (Spanish Society of Infectious Diseases and Clinical Microbiology), 6--9 November 2018, Madrid, Spain (Abstract PO-41).
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